Yushu earthquakes using ALOS/PALSAR data from the ascending track (path 487). We then infer the trace of the Yushu fault using the coherence image, and we build five fault models for the Yushu fault. To determine the fault geometry parameters that give the best fit to the coseismic interferogram, we apply an elastic dislocation algorithm. Our preferred fault model consists of two faults dipping to the northeast. One strikes ∼N60°W with a dip of 82°; the other strikes ∼N67°W with a dip of 86°. Lastly, we infer the coseismic slip distributions of the Yushu earthquakes by the inversion of the displacement in the line of sight (LOS). The results show that three high-slip concentrations are located at a depth of 5 ∼ 8 km, with a peak slip of 1.32 m at (96.93 E, 33.03 N). The Yushu fault is a left-lateral strike-slip faulting with small northside-up, dip-slip components.
Introduction
On 13 and 14 April 2010 (UTC time), two large earthquakes with moment magnitudes 6.9 and 6.0 occurred in Yushu County on the eastern Tibetan plateau, rupturing a southeast-northwest-striking fault known as the Yushu fault. According to the seismic solutions (see Table 1 ), those earthquakes occurred on the Nangqian fault region, located between the Ailao Shan-Red River shear zone and the Gaoligong fault (see Fig. 1 ). The Yushu fault extends for ∼200 km along a northwest-southeast strike (Wang et al., 2008) . According to the stream offsets, the Yushu fault is a left-lateral strike-slip fault, and its historical maximum offset is up to 30 km (Wang et al., 2008) . The 2010 Yushu earthquakes occurred on the eastern segment of the Yushu fault. According to the geological field investigation of the Ministry of Land and Resources of China (see Data and Resources) , an ∼31-km left-lateral strike-slip rupture is visible on the Earth's surface. The maximum horizontal and vertical displacement reach 1.75 m and 0.6 m, respectively. Near the Yushu fault, all buildings collapsed during those events. Despite the low population in this area, approximately 2700 people were reported dead or missing, and more than 10,000 were injured in this catastrophe (see Data and Resources) .
The northwest-trending Nangqian fault region is characterized by northeast-southwest shortening and eastward movement (Yin and Harrison, 2000; Spurlin et al., 2005; Taylor and Peltzer, 2006) . Space geodetic results (Wang et al., 2001) suggest the magnitude of eastward motion of this area is ∼13 mm · yr 1 relative to stable Eurasia, which supports the hypothesis that the Tibetan plateau is deforming by extrusion of material eastward and southeastward relative to Eurasia (Taylor et al., 2003) . The Global Centroid Moment Tensor (CMT) focal mechanisms (see Data and Resources) of the 2010 Yushu earthquakes show that the faults are mainly strike-slip with north-dipping angles of 90°a nd 68°(see Table 1 ) and are located on the north side of the Nangqian basin (Spurlin et al., 2005) . During the last 100 yr, only a few earthquakes occurred in this region, and their magnitudes were less than 6.0, so less attention has been paid to the Yushu region. Again, because the previous deformation studies of the Tibetan plateau focused primarily on its boundary faults (Taylor et al., 2003; Ryder et al., 2010) , the details of the 2010 Yushu fault remain poorly understood. However, the eastern Tibetan plateau is an important region for studying the deformation from the Indo-Asia collision. Further, studying the fault geometry and slip distribution of the 2010 Yushu earthquakes can improve our understanding of the tectonic environment of the eastern Tibetan plateau and also help us to identify the hazardous area and predict future earthquakes.
In this paper, we first identify the trace of the Yushu fault from the coseismic coherence image. Based on this, we build five models for the Yushu fault. We then determine the optimal fault model by forward-modeling interferometric synthetic aperture radar (InSAR) data, assuming a uniform elastic half-space. Finally, we obtain the coseismic slip distribution of the events by inverting the InSAR line-of-sight (LOS) displacement.
InSAR Data
The Japanese ALOS/PALSAR sensor experiences low temporal decorrelation in heavily vegetated areas due to its ability to penetrate vegetation (Hao et al., 2009; Feng et al., 2010 ). An optimal synthetic aperture radar (SAR) image pair with small perpendicular and temporal baseline and good coverage was acquired by the PALSAR sensor on 15 January and 17 April 2010 from the ascending track. We processed the SAR scenes using the software package GAMMA (Wegmüller and Werner, 1997) and precise doris orbit data (Scharroo and Visser, 1998) and removed the topographic signal from the interferogram using a digital elevation model with ∼90 m resolution generated from NASA's Shuttle Radar Topography Mission (Farr and Kobrick, 2000) . The interferogram was unwrapped using the branch-cut algorithm of Rosen et al. (2000) . Because some interferograms in this study area from Envisat ASAR data have no good coverage and others have no good quality, we only use a single interferogram to study the fault geometry and slip distribution. To invert the displacement in the LOS of SAR, we converted the unwrapped interferogram into the displacement.
The coseismic InSAR interferogram caused by the 2010 Yushu earthquakes is shown in Figure 2a . There are two areas where displacement is concentrated near the fault. When examined more closely, the peak deformation in the LOS reaches approximately 20 cm.
Considering that there is a lot of noise in the coseismic interferogram, we employed a Wiener filtering algorithm in complex wavelet domain (Zha et al., 2008a) to remove the noise in the interferogram; we show a high-quality interferogram in Figure 2b . Figure 2c is the unwrapped map of Figure 2b . We applied a quadtree decomposition algorithm (Jónsson et al., 2002) to resample the displacement in the LOS. This reduces the number of data points from several million to 1841. The subsampled result is shown in Figure 2d .
The coseismic coherence image of the 2010 Yushu earthquakes is shown in Figure 3 . We identify the fault trace from areas of low coherence in the coseismic coherence image (Funning et al., 2007; Zha et al., 2008b) . The trace of the Yushu fault is marked in Figure 3 as thin dashed lines labeled 1, 2, and 4, which have a total length of ∼50 km. We also include segments 3 between segments 2 and 4 and segment 5 as suggested by the interferogram displacement pattern. Segments 2 and 3 are on one straight line, segments 4 and 5 on another straight line. In the following section, we explore which of these segments derived from the coherence map and the interferogram displacement pattern is the trace of the Yushu fault ruptured during the 2010 yushu earthquakes.
Determination of the Fault Geometry
The Okada elastic dislocation algorithm (Okada, 1985) has been widely applied to model the Earth's surface displacement caused by earthquakes (Feigl and Dupré, 1999; Leonard et al., 2004) and to predict the fault fracture (Healy et al., 2004) . In this paper, the Okada elastic dislocation algorithm and an elastic half-space model with the Poisson's ratio of 0.26 have been applied to simulate the coseismic deformation interferogram and to predict the geometry parameters of the Yushu fault.
In this study, we built five fault models based on the trace of the Yushu fault identified in the previous section: (1) Model 1 contains segments 1, 2, 3, and 4; (2) Model 2 contains segments 1, 2, and 4; (3) Model 3 only contains segments 2 and 4; (4) Model 4 contains segments 2, 3, and 4; (5) Model 5 contains segments 2, 3, 4, and 5. From the focal mechanisms listed in Table 1 , we inferred that the northdipping angles of segments 2 and 3 are 80°∼ 90°, and those of segments 4 and 5 are 68°∼ 90°. The depth of all segments is about 20 km. These are the a priori values for the optimized fault model later.
During the interferogram simulation, the north-dipping angles varied from 50°-90°. The strikes were fixed according to the trace of the fault. The rake-angles varied from 20°to 20°(the positive relative to side-up north). The absolute value of strike-slip, thrust-slip, and tensile-slip of all segments varied from 0-5.0 m. The lengths of five fault segments 1-5 were 12.0 km, 24.95 km, 12.4 km, 14.45 km, and 14.5 km, respectively. The top and bottom depths were fixed at 0 km and 25 km. The widths of fault segments varied according to dip-angles. We applied a uniform-slip rectangle dislocation model to model the surface displacement. We equally divided the range of all variations into 50 parts and let the procedure automatically search for the best-fitting interferogram. Through several million computation cycles, we found that model 3 and model 4 fit the interferogram better than model 1 and model 2. This indicates that the slip on fault segment 1 is smaller than that on the other parts. Model 5 provides the best fit for the interferogram and is our preferred fault model for the Yushu fault. We obtained an optimized fault model for the Yushu fault, whose geometry parameters are listed in Table 2 . From the geometry parameters, the Yushu fault may have two branches: fault I and fault II. Fault I contains segments 2 and 3 and dips to the northeast with an angle of 82°.
Fault II contains segments 4 and 5 and dips to the northeast with an angle of 86°.
Slip-Distribution Inversion
We employed two subfaults instead of four fault segments to represent the Yushu fault because it has two branches. To obtain the details of the slip distribution, we discretized the fault planes to 1 km × 1 km patches.
During the inversion, we employed a slip distribution inversion algorithm based on the Green's function method (Baronic et al., 1987; Malinsky and Magarshak, 1992) to invert the coseismic slip distribution of the 2010 Yushu earthquakes. The optimal geometry parameters in Table 2 were applied to invert the coseismic displacement field caused by the 2010 Yushu earthquakes. The rake was allowed to vary from 10°to 10°. Because the stress drop can be observed and is correlated with the slip magnitude, the stress drop can be introduced into the inversion algorithm. By examining the trade-off between the weighted residual sum of squares and the normalized roughness, the appropriate smoothing factor can be found. The details of this inversion algorithm can be seen in Wang et al. (2009) . During this inversion, we chose an appropriate smoothing factor (β) with the value of 0.2 (see Fig. 4 ) and obtained a modeled displacement field. We inverted the modeled displacement field to the predicted interferogram with a incidence angle of 38.7°and an azimuth angle of 350.3°. The coseismic slip distribution of the 2010 Yushu earthquakes is shown in Figure 5 . Figure 5a is the fault mesh used in this inversion, Figure 5b ,c shows the slip distribution on the fault plane of fault I and fault II, respectively. Arrows indicate the direction of displacement of the north side of the fault with respect to the south side. From Figure 5 , the depths of three high-slip concentrations are 5 ∼ 8 km. The peak slip in Figure 5b occurs at (96.93 E, 33.03 N) near the center of Yushu city. The value of the largest slip on the plane of fault I is about 1.32 m and on the plane of fault II is about 0.52 m. The slip vectors indicate that the Yushu fault is left-lateral strike-slip faulting with small north-side-up, dip-slip components, which is in agreement with the result from the field investigation of the 2010 These parameters are derived from the forward modeling of the coseismic interferogram using a multiple-fault uniform-slip model in an elastic half-space.
*The segment number corresponds to that of the trace of the Yushu fault in Fig. 3 . † The location of the southern end point of the faults. ‡ The faults dip to the northeast. § The rake angle is positive for north side up.
Yushu earthquake. The total magnitude (Mohammdioun and Serva, 2001) , including fault I and fault II according to our model, is M w 6.75, which is smaller than M w 6.9 and is larger than M w 6.0 derived from the seismic wave method.
The small geodetic moment magnitude may be caused by the slip deficit of the Yushu fault. An optimal modeled interferogram is shown in Figure 6a . Figure 6b is the unwrapping phase image of the Figure 6a . Figure 6c is the residuals between the InSAR data and the model prediction. Comparing Figure 6b and Figure 6c , we can see that the magnitude of the residual is smaller than that of the unwrapping phase image. The correlation between the best-fitting interferogram and the observations is up to 94.5%, which indicates that our fault model explains the InSAR observations well.
Conclusion
We have inferred the trace of the Yushu fault from the coseismic coherence image and determined the fault geometry parameters by modeling the InSAR coseismic interferogram covering the 2010 Yushu earthquakes. Our results suggest that the Yushu fault consists of two subfaults dipping to the northeast. Their strike directions are about N60°W and N67°W, respectively. Through inversion of the displacement in the LOS, we have obtained the coseismic slip distribution of the 2010 Yushu earthquakes. The coseismic slip distribution shows that there are three high-slip concentrations with depths of 5 km ∼ 8 km, and the peak is up to 1.32 m, occurring near the center of Yushu city, which explains why massive destruction occurred in Yushu city. The Yushu fault is a left-lateral strike-slip faulting with small north-side-up, dip-slip components.
Data and Resources
The Global Centroid Moment Tensor Project database was searched using www.globalcmt.org/CMTsearch.html http://www.csndmc.ac.cn/newweb/index.jsp (last accessed March 2011). Some plots were made using the Generic Mapping Tools version 4.2.1. ALOS SAR data sets were provided by Japan Aerospace Exploration Agency. 
